We study the temperature dependent electrical and optical properties of hybrid charge transfer excitons (HCTEs) at a ZnO/4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) organic/inorganic semiconductor heterojunction (OI-HJ). The electroluminescence (EL) spectrum of the HCTE formed by recombination of injected charge undergoes a hypsochromic shift from 1.65 ± 0.01 eV to 2.05 ± 0.01 eV with decreasing temperature from T = 300 K to 30 K at current density of J = 100 mA/cm 2 , and with increasing voltage from V = 1.5 V to 4.5 V at temperatures of T = 300 K and 30 K. We observe an external quantum efficiency of 6.0 ± 0.2 % at a wavelength of 332 nm for excitons generated in CBP indicating exciton to charge conversion via HCTEs. However, no HCTE photoluminescence is observed at temperatures as low as T = 25 K. A quantum mechanical model based on the coexistence of both free and trapped singlet HCTE states at the OI-HJ describes these observations. The free HCTE consists of a hole in CPB Coulombically bound with an energy of 9 meV to a delocalized electron in ZnO, and it is the precursor to photocurrent generation via CBP Frenkel excitons. The observed electroluminescence is due to electron injection into localized defect states at the ZnO surface 2 that are bound to holes in CBP forming a trapped HCTE with binding energies of 60 -430 meV and four orders of magnitude higher oscillator strength compared to the free HCTE.
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I. Introduction
The interaction of organic and inorganic semiconductors with the electromagnetic spectrum is governed by the behavior of charges and excitons. The different optoelectronic properties of these two classes of materials are determined by their different cohesive forces; organic semiconductors are bound by weak electrostatic van der Waals bonds whereas inorganic semiconductors are primarily chemically bonded by strong covalent forces. This results in comparatively low charge mobilities and high exciton binding energies for organics 1, 2 . Hybrid properties and enable optimization of such junctions for use in optoelectronic devices. Indeed, OI-HJs have already found widespread application in dye-sensitized solar cells 3 , colloidal quantum dot solar cells 4 and as charge generation layers in stacked organic light emitting devices 5 . Organic-inorganic HJs also offer model systems for exploring the processes governing polaron-pair dissociation at excitonic (i.e. organic) HJs, which is at the heart of organic photovoltaic device operation [6] [7] [8] .
A comprehensive theoretical framework has recently been developed to understand the optoelectronic properties of diodes comprising OI-HJs, predicting the existence of a hybrid charge transfer exciton (HCTE) that is analogous to the polaron pair state at an excitonic HJ 9, 10 .
The HCTE is a quasi-particle that enables exciton-to-charge conversion and charge recombination at the HJ. Its properties are predominantly determined by the material dielectric constants and effective masses of charges in the two contacting semiconductors. The HCTE wavefunction is expected to be delocalized on the inorganic side (i.e. it has Wannier-Mott character), whereas it is more confined on the organic side of the junction where it is Frenkellike. The asymmetry is largely a result of asymmetries in effective mass. Due to its WannierMott-like character on the inorganic side, the HCTE is often unstable at room temperature.
The inorganic semiconductor, ZnO, is attractive for studying HCTE states due to its small dielectric constant 11 , which results in a high HCTE binding energy. 16 and ZnO/small-molecule 17 HJs have also been identified by transient and electroluminescence (EL) spectroscopy. Density functional theory studies of poly(3-hexylthiophene) (P3HT) on pristine ZnO single crystal surfaces predict the existence of surface-bound HCTEs with a low dissociation yield compared to C 60 /Poly(3-hexylthiophene-2,5-diyl) (P3HT) bound polaron pairs due to poor coupling of the states to the ZnO bulk 18 .
To gain further insight into the properties of the HCTE, in this work we characterize a ZnO/4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) OI-HJs by measuring external quantum efficiency (EQE), photoluminescence (PL), and EL spectra as functions of temperature (T) and voltage (V). The proposed energy level diagram of the device under high forward-bias and energetic levels of relevant states is shown in Fig. 1 . We employ CBP due to its wide energy gap which maximizes the difference between the ZnO conduction band maximum energy and CBP highest occupied molecular orbital (HOMO) energy, ΔE OI = 2.1 ± 0.1 eV, at the HJ. Then, ΔE OI -E B (where E B is the HCTE binding energy) corresponds to the expected HCTE emission energy 9 .
The peak EQE = 6.0 ± 0.2 % at a wavelength of λ = 332 nm corresponds to the CBP absorption maximum, suggesting that Frenkel excitons in the organic efficiently convert into free carriers through an intermediate HCTE. We directly observe the HCTE by EL, and find that the spectrum blue shifts with decreasing temperature from 300 K to 30 K, and increasing voltage from 1.5 V to 4.5 V. In addition, the EL spectra full width at half maximum remains unchanged over this temperature and voltage range. Surprisingly, we do not observe HCTE PL emission via exciton generation in CBP even at temperatures as low as 25 K. We conclude that the EL signal results from trapped HCTEs which are due to electrons injected into ZnO surface defect states that recombine with holes in CBP. In contrast, the CBP exciton quantum yield at the OI-HJ occurs via free HCTEs between delocalized electrons in ZnO and hole polarons in CBP. A quantum mechanical model of both free and trapped HCTE is developed that supports our conclusions. We find that the free HCTE has a lower binding energy and oscillator strength compared to the trapped HCTE, which is consistent with the absence of PL from free HCTEs.
II. Theory
To understand the properties of HCTEs, we combine molecular dynamics ( The oscillator strength for HCTE relaxation to the ground state in the electric dipole approximation is then:
Here, is the energy of the HCTE with respect to the CBP ground state, m e is the electron rest mass, and HCTE ψ is the electron wavefunction of the HCTE obtained from solutions of In Fig. 3 
Here, is the applied voltage, is the voltage dropped across the inorganic, and and are the thicknesses of the inorganic and organic layers, respectively. Equation (3) is valid when both layers are depleted, which occurs when there is low carrier densities in ZnO and CBP. When there is high carrier density in ZnO (usually the case due to unintentional doping 11 ), under forward bias holes accumulate in CBP since the hole mobility (~ 10 -4 cm 2 /Vs) 27 is at least five orders of magnitude lower than the electron mobility in sputtered ZnO (~10 cm 2 /Vs) 11 . As a result, ∆ is primarily dropped across CBP, and ∆ , and are small. Now , is determined from the free electron density at the ZnO side of the OI-HJ: 
III. Experimental
The device structure shown in Fig. 4 Technologies-traceable Si photodetector is used to calibrate the intensity at each wavelength. For temperature dependent EL measurements, the device is loaded into a closed-cycle He cryostat.
During measurement the cryostat is maintained at <1 x 10 -5 mTorr to prevent degradation by exposure to oxygen or water. The temperature is maintained using a thermally controlled stage heater, allowing 30 min for thermal stabilization between each measurement. The EL spectrum is obtained by applying a 20 Hz square pulse of 1 ms pulse width, and the luminance is collected at normal incidence using a fiber-coupled monochromator (Princeton Instruments SP-2300i) equipped with a Si CCD detector array (PIXIS:400). The spectrum is corrected for the wavelength response of the setup using a tungsten halogen lamp. Each EL spectrum is obtained with a 15 s integration time for every 100 nm wavelength increment, yielding a total integration time of 1.5 min per spectra. The EL spectral lifetime is measured using a steak camera (Hamamatsu C4334) with a 40 ps time resolution. For temperature dependent PL measurements, a similar procedure is followed with the exception that the ZnO-CBP bilayer is grown on Si, and the CBP film thickness is only 50 Å to limit bulk emission. The sample is pumped at a wavelength of 325 nm using a 15 mW/cm 2 He-Cd laser.
IV. Results
The EQE at room temperature along with the CBP absorption spectrum are shown in Fig.   4 . The EQE has a maximum at λ = 332 nm that corresponds to the peak in CBP absorption. The EL spectra obtained at 100 mA/cm 2 as a function of T is shown in Fig. 5(a) . The spectra exhibit a rigidochromic blue shift as the temperature is reduced from 1.65 ± 0.01 eV at 300 K to 2.05 ± 0.01 eV at 30 K, with a temperature independent full width at half maximum of σ = 300 ± 10 meV.
The peak energies of the spectra extracted by fitting to a Gaussian function are plotted in 
V. Discussion
The EQE of the device is orders of magnitude higher than the photoconductivity of typical organic semiconductor thin-films 29 , indicating that CBP quantum yield results from excitons diffusing to the OI-HJ and forming HCTEs before dissociating into free carriers.
However, no HCTE PL is observed from the OI-HJ bilayer film. Furthermore, no ZnO or CBP EL emission is observed, indicating that radiative recombination of injected charges occurs only at the OI-HJ via HCTEs. The half-width of the EL spectrum is temperature independent, and its peak energy at 300 K of 1.65 ± 0.01 eV is significantly lower than the predicted energy of ΔE OI = 2.1 ± 0.1 eV 9 .
To reconcile these disparate observations, we hypothesize the existence of two distinct states: a free and a trapped HCTE. The free HCTE is a precursor to CBP exciton dissociation, and comprise delocalized electrons in ZnO bound to comparatively localized hole polarons in the CBP HOMO. The trapped HCTEs observed by EL are due to localized electrons at the ZnO surface that are populated by electrical injection, and that subsequently recombine with hole polarons in the CBP HOMO. Electron trapping likely occurs at surface defects due to Zn interstitials and oxygen vacancies, whose energies are reported to lie 0.2 -0.8 eV below the ZnO conduction band edge 19 . We note that the EL spectra peak position, and its width and intensity is dependent on ZnO processing conditions, and as noted above, that spectral peak dependence on voltage and temperature are not found in organic HJ spectra 25, 26 . These observations support the conclusion that ZnO surface trap states dominate the behavior of the EL spectra peak at this OI-
HJ.
The energy of the trapped HCTE state is ΔE OI -E F,n , where E F,n is the location of the occupied trap with respect to the ZnO conduction band and is determined by the Fermi level in
ZnO. This accounts, therefore, for the shift in EL spectrum with temperature. Also, we have taken the full spectral width to be the same as the occupied density of states (ODOS) in Fig. 1 .
This correspondence between the DOS and ODOS is not strictly correct since the spectral width is a convolution of both the ground and excited states, but nevertheless is a reasonable approximation of the filled trap distribution.
The trapped HCTE state is not observed by PL due to the additional kinetic energy, Δ , available during HCTE formation via CBP excitons. As a result, the electron in the HCTE does not thermalize into a trap state and remains relatively delocalized in ZnO, forming a free HCTE that dissociates prior to recombination.
To confirm the existence of trapped HCTEs, we fit the change in EL peak energy vs. T to changes in the ZnO Fermi level using Eq. (4), with the result shown by the solid line in Fig. 5(b) .
Here we have neglected the voltage dependence of the spectra peak shift, which is a minor effect at high current densities (Fig 6) . The mass = 0.22m e is used for the fit 11 , and the change in E c with temperature is estimated to be half of the ZnO bandgap change as determined by its Varshni parameters 30 to yield a carrier density of n HJ = 10 13 cm -3 . Note that uncertainty in n HJ is magnified by the exponential relationship between n HJ and E F,n in Eq. In Fig. 6 we see that at very low voltages (i.e. low injection) at 30 K the EL spectra peak shift is larger than expected from the trends at higher voltages. We explain this using Eq. 3, where ∆ 0.33 0.06, which is similar to slope of the peak energy vs. low voltage data at 30 K. This change in voltage across the inorganic is due to carrier freeze out at the lowest temperature measured.
11
Recently Piersimoni, et al. 17 and Eyer, et al. 16 attribute the large energy difference of ~ 0.9 eV between the HCTE EL and absorption to relaxation of the HCTE following generation, and the broad spectra to inhomogeneous broadening due to tail states. Eyer, et al. also observe a broad EL spectrum and a difference of ~0.3 eV between the EL emission peak and ΔE OI . They observe no temperature dependence of the spectral peak and only a weak temperature dependence of the spectral FWHM. Further, they attribute the shift in EL peak energy over a relatively small voltage range to an increase in the slope of the HCTE potential perpendicular to the heterointerface.
In contrast to these observations, we propose that the EL spectra result from trapped HCTEs whose peak energy depends strongly on temperature and voltage. Further, we quantitatively confirm that the peak energy shift results from changes in Fermi level in the inorganic semiconductor. At 30 K, the trapped HCTE energy is 2.05 ± 0.01 eV, close to that predicted by theory. Our quantum mechanical modeling also suggests that the EL is observed due to the high oscillator strengths of 1 HCTE t and the absence of emission from 1 HCTE f resulting from their comparatively low oscillator strengths. We find that the trapped HCTE has a higher binding energy than the thermal energy at room temperature compared to 1
VI. Conclusion
In summary, we studied the properties of hybrid charge transfer excitons at the ZnO/CBP OI-HJ using a combination of EL, PL, and EQE. We developed a quantum mechanical model to help interpret our observations, and found it to consistent with the analysis of the J-V characteristics. We observe two distinct charge transfer states at the HJ: a free and a trapped HCTE. The EL emission from trapped HCTE recombination between localized electrons on the ZnO surface and hole polarons in CBP is found to be dependent on both temperature and applied 
